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Preface

The investigation reported in this thesis is based upon a pro-
posal by Drs N. A, Poulos of the Toxic Hazards Branch, Aerospace
Medical Research Laboratories, Wright-Patterson AFB, Ohio. Although
the basic sensor described in this thesis is the same as the one used
by Dr. Poulos in his report on the Amperometric Propellant-Component
Detector, the research of this report differs in two important re-
spects: first, different electrolytic dip solutions are used with
the sensor, and second, the sensor response is optimized through an
analysis of its electrical equivalent model.

The author acknowledges his indebtedness to his thesis advisor,
Capt. Matthew Kabrisky, for his pertinent suggestions and assistance
in the preparation of this thesis and to Dr. Poulos for his intense
interest and professional knowledge. Thanks are due two other members
of the Toxic Hazards Branch: first, Lt. Duncan McVean for his ideas
on the philosophy of the subjeet, and second, Airman Joseph Miller for
his invaluable laboratory assistance. Special thanks are given to the
author's wife for her moral support and typing of the original manu-

seript.

Paul C. Mclellan, Jr.
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Abstract

The accurate detection of UIMH to its threshold limit value is
achieved with a two-electrode-electrochemical sensor and a KI electro-
lyte. Three electrolytes are tested with two cells to realize this
detector. The theory of electrochemical reactions in solutions is
valid for this sensor, and the large capacitance is explained by the
electric double layer concept. An equivalent electrical model is de~
rived to optimize sensor response. A flow system and standard measur-
ing instruments are used to obtain the experimental results. The |
electrochemical reaction between the cell and UIMH results in a de-
crease of overvoltage in proportion to the concentration of UIMH in
air. Finally, a linear approximation of this reaction is obtained

with & UIMH equivalent circuit.

vii
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' A TWO ELECTRODE ELECTROCKEMICAL SENSOR

FOR DETECTING TRACE PROPELLANTS IN AIR

I. Introduction

Background

Detecting systems for many trace contaminants have been success-
fully used for years. However, the accuracy of current methods for
detecting Unsymmetrical Dimethyl Hydrazine (UDMH) is not adequate.
Also, these devices have experienced difficulties with baseline drift
and baseline return, i.e., return to a reference level, Some attempt
has been made to overcome these undesireable characteristics, but the
methods employed are complex and have not completely solved the
problem (Ref 11:1L). UDMH is presently used by the U. S. Air Force
as a missile propellant., It is a toxic hazard to man when present in
minute quantities in the air he breathes. Exposure to large amounts
results in convulsions and possibly death. Therefore, it is essential
that the concentration of this propellant in air be detected in a
form which is readily and simply accessible, Present devices are not
adequate for the protection of personnel. The only known detegting
devices for UDMH will not detect its Threshold Limit Value (the
minimum safe 1imit that can be withstood by man with no detrimental
effects (Ref 11319)., Consequently, a small, simple inexpensive de-

vice is required; an essential part of such a device is the sensor.
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The Problem

The purpose of this thesis is to develop, evaluate, and improve
an electrochemical sensor for the detection of trace propellants in
air., The primary propellant to be considered is UDMH which must be
detected in the 0.5 to 5 FPM range. Although the solution of the
problem relies mainly on analysis of the electrical parameters of the
sensor, an investigation of the electrochemical effects to explain
the operation of the cell is necessary. A standard two electrode
sensing device is utilized rather than multi-electrode devices. The
standard device (cell) consists of two platinum electrodes separated
by surgical gemze mounted on polyethylene tubing (Ref 11:3). 1In
addition, none of the following will be considered in the problem:
electrode geometry other than the standard, electrode materials
other than platinum, and oxidation propellants (UDMH is a fuel or re-
duction propellant). The investigation of atmospheric disturbances
such as temperature, pressure, and humidity will not be attempted,

When required, the definitions of new terms and concepts will be given.

General Method Of Detection

The sensor or detector cell is dipped into a suitable electro-
lytic solution, then withdrawn and exposed to the atmosphere. Three
electrolytes are tested with results given in a later chapter. If a
trace propellant is present, -an electrochemical reaction takes place

in the cell and a small change in its potential results. This change
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of potential can be amplified, if required, and displayed by a
metering arrangement to give the amount of the trace in air with

respect to some reference,

Asgumptiong - Limitations

Before attempting to solve the problem certain assumptions were
made to limit its scope. First, it was assumed that the standard cell
configuration could be adopted for this detector; second, that one of
the three dip solutions would give the desired reasponse; finally,
that atmospheric effects will have little or no effect on the cell's
response, The configuration proposed has been used successfully to
detect contaminants that are similar to UDMH, but has not been able
to detect UDMH accurately below 5 PPM (Ref 11:14). However, different
dip solutione were used than those tested here., One of the solutions
that is tested is an iodine electrolyte which has already been adapted
to various electrochemical instruments (Ref 6:8). This electrolyte,
involving an iodine-iodide reaction, is one of the few which is
practically 100% efficient and is therefore highly adaptable for
quantitative use. Possibly the most significant limiting effect is
| that atmospheric disturbances will not be negligable. These assump-
tions were proved valid by the experimental results., The small
changes in atmospheric conditions that were observed in the laboratory

did not seem to effect the cells,
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Igsues - Method Of Solution

Three basic issues must be resolved. These three are stability,
regponse, and sensitivity. As part of the stability problem, drift,
return to reference level, and baseline stability must be determined.
Response must be checked within a range of all concentrations of
contaminants to be expected. Sensitivity must be such that the lowest
levels: (Threshold Limit Value) of contaminant can be detected. Sensi-
tivity as used here is defined as the millivolt meter output per one
PPM of chemical input in eir,

The chosen method to resolve these issues consiéts of evaluating
the three dip soluﬁions after the electrical and electrochemical
properties of the two test cells have been determined, Once this has
been done, an optimum electrolyte and cell combination can be chosen.
This choice is necessary to limit the problem so that an answer can
be realized in the time allowed for research. The method will be
pursued in the following chapters. Chapter II deals with the general
theory of the operation of the cell, Chapter III discusses the
techniques used in the experimental measurements. Chapter IV gives
the experimental results and compares these results with the theory.
Chapter V suggests an equivalent circuit for the cell when exposed
to UDMH, Chapter VI consists of conclusions derived from the re-

search and suggests further investigations.
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II. Theory

Flow Of Electryic Current

The best known type of current flow is through metallic conductors
while current flow through electrolytic conductors is less familiar
and is most generally studied in the field of electrochemistry. 1In
electrolytic conduction, the carriers are much larger than the electrons
which move in solid conductors and are of atomic or molecular size.
Each of these carriers or ions may possess a positive (cations) or
negative (anions) charce in the solution. These ions are created by
the dissociation or separation of the molecules of a chemical agent
when it is dissolved in a suitable solvent such as water. An example,
potassium bromide (KBr) dissolved in water is used as a dip solution.
This salt dissociates into positively charged potassium ions (K*) and
negatively charged bromide ions (Br~).

KBr—~K*+ Br” (2-1)

This is termed an "electrolytic solution" and the dissolved KBr

is an "electrolyte",

When an electric field is present between two elsctrodes immersed
in an electrolytic solution, the cétions move to the negative electrode
while the anions move to the positive electrode producing a total
current which is the sum of the individual currents due to the moving
ions (Ref 6:5). The rate at which these ions move through the solution,
their number, and the potential obtained at the electrodes due to the

discharge of ions determines the conductance of the electrolyte (Ref 5:557).
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Since the elsctrodes of the detector cells are not in a solution
but are separated by electrolytically wetted surgical gauze, they may
be thought of as immersed in a less than ideal electrolytic system.
However, the general theory of the electrochemical processes which
take place remein unchanged in this enviromment, The detector cells
are reversible, that is to say, they will support a flow of current
in either direction. The reversible potential is the potential at
equilibrium, or at minimum current flow through the cell. Any
potential which is in excess of this reversible potentlal is defined
as overvoltage, and the cell is said to be polarized (Ref 10:124).

There is also a definite relationship bétween the amount of
current passing through the cell and the chemical changes which take
place at the electrodes, This relationship, called Faraday's law,
states that 96,500 coulombs flowing across a metal-electrolyte
boundary will reduce or oxidize one gram-equivalent weight of the
reactant (Ref 10:8). Thus the amount of reactant formed can be

expressed by:

. {coulombs passed)(ed. wk. of reactant) (2-2)
(value of Faraday)

where g is grams of reactant. At a polarizing current of 100 micro-
amps, Faraday's law shows that it would take 2,100 hours to deposit

one gram of iodine at the positive electrode of the cell.
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Cell Capacitance And Electrical Double layer

A distribution of ions called the electrical double layer exists

at the boundery of any solid and solution. This is shown in Fig, 1

for one electrods.

DiFruse
rResion V

: I
voLTAGE _.r(,__c_: _ T_

ELECTRODE
SURFACE

H"‘“" b DISTANGE
LCLOSEST APPROACH >

Fiel ELECTRICAL DOUBLE LAYER (rer riau2:s2e)

The voltage change across the double layer congists of a section ¥

from the electrode to the plane of closest approach (Helmholtz layer)

and ¥, in the diffuse region (Guoy layer) such that V ®*V +¥,. The

lons at the plane of closest approach are closely bound to the electrode
surface while the ions in the diffuse region are free to move (Ref 2:820~2).
Note this implies that the charge and therefore capacity of the electrode
ie dependent upon the voltage. This double layer of charge is analogous

to a charged parallel plate condensor (especially in the compact

Helmholtz layer) and is chiefly responsible for the large capacitance

of the detector cell (Ref 7:590). A calculation of the capacitance
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of the cell (X) from field theory shows that it is on the order of

2000 wuf, while experimental determination shows that it 1s on the
order of 200 uf (See Appendix B). The thickness of the Helmholtz

layer is nearly constant for all systems, and therefore the capacitance
due to this layer should be nearly constant for the electrolytes used.
There are various methods offered (Ref 8:552) which lead to the
theoretical determination of cell capacitance which utilize electrode_.
kinetics or ionic studies, but these can be used only with concentrated
solutions and do not appear to be applicable to the detector cells.

In addition, the equation derived for the voltage response in the
following section leads to a simple, accurate determination of the

cell capacitance,

C de
R, N
OR R
Re Cl : C.
e Fie 2 b
ELECTRICAL EQUIVALENT CIRCUIT FOR CELLS

The equivalent circuit for the detector cells is shown in Fig. 2

above. The experimental determination of this model is given in
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Chapter IV Experimental Results. Assuming a constant current source
input and neglecting R,, since R,>>R,, to simplify the solution, the cir-

cult becomes:?

Il r3 cl jll

I

L]

Rs
E C

A
T

(This equivalent source is used since it is the same as that used in

the experimental determinations of the model.)

ms (R, + 5)i, — =5 = E @-3
~w5i, + (Re+e)is=0 (z-4)
Solving (2-3) and (2-4) for 152
E
Az - D + R{*kz (2-5)

R, Ry C



GE/EE/63-19
Now let E be a step funetion and taking the Laplace Transform

of (2-5) it becomes:

E
oo R’ Rt C _ R:R‘C
Ig(S) AN R. TR LE'T T TR + R, (2 "é)
R;R, C
hence £
E = LR, =—FRt_ (2-7)
s(s +)

Taking the inverse Laplace of (2-7), the voltage output as a function

of time is:
ER, -
aw =gy (1 - €F) (-8)

Also, from (2-7) the *transfer function of the cell is:

or

/
6O = merev 2 (2-9)

An analysis of equation (2-8) to determins the optimum response
of the cell (See Appendix D) indicates the cell capacitance should be
made small, This will not effect the final value of the responss

but will decrease the response time.

10
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Effects Of UDMH (Or Any Reducing Agent)

In the platinum (metallic) portions of the detecting circuits
conduction takes place by electrons, while in the solution conduction
takes place by ions. Obviously, then, the current carrier must change
from electrons to ions or conversely at the electrolyte-metal interw-
face. This change is achleved by an electrochemical reaction which
involves gain or loss of electrons., When an electron is gained by
the reactant, the reaction is a redvwction process, and when an electron
is lost by the reactant, it is an oxidation process (Ref 6:16-8).

When the cell is exposed to UDMH, the. UDMH ylelds electrons to
the cell; hence, the potential across the cell decreases in proportion
to the concentration to which it is exposed, Another theory which
explains this drop is potential of the polarized cell when exposed to
UDMH or other fuels is the interaction of the fuel with a high resistance
Pt0 (Platinum=-oxide) layer on the outer electrode. This causes a
large decrease in resistance by "cleaning" the Pt0 off the electrode
causing a corresponding decrease in the cell voltage. This also
explains the recovery of the cell by the healing or reforming of the
Pt0 layer under the influence of the externally applied polarizing
current. Moreover, the time of healing is directly proportional to
the amount of polarizing current applied (Personnal Communication With

Dr. N. A, Poulos),

11
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ITI, Experimental Technigueg

Measurement Of Electirical Parametersg

Several measurements are required to determine the parameters
and characteristics of the cells. These measurements consist of:

(1) the D-C resistance, (2) the cheracteristic (polarization) curves,
(3) the AC resistance, and (4) the capacitance. The methods chosen
were limited by the equipment available in the iaboratory.

AC messurements were made to determine the AC resistance and
capacitance, The circult for these measurements is illustrated in
Fig. 3-~B. By taking a known resistor R in series with the cell and
blacing e known sinusoidal voltage across the terminals A-C, the
magnitude of the rms voltage across the cell and the current through
it can be found. Consequently, the cell resistance and reactance can
be calculated with the aid of'é phagsor diagram., However, lnowledge
of the reactance and resistance does not indicate whether the reactance
is capacitive or inductive; moreover, it will not show whether the
resistance and reactance are in series or parallel, The first diffi-
culty is resolved by placing a known capacitance (or inductance) of
approximately the same impedance &t the frequency of the applied
voltage in parallel with the cell. If the cell is inductive (capaci-
tive), the impedance of the cell will rise markedly; if tke cell is
capacitive (inductive), the impedance will increase (decrease)

slightly. These changes in impedance are observed by the proportional

12
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changes in voltage measured on a VIVM, The seéond difficulty is
overcome by calculating the capacitance or inductance assuminé first,
a parallel circuit and second, a series eircuit, A comparison with
the value cslculated from the rise time will indicate which is correct.
If the capacitance or inductance is constant, the series or parallel
quandry can be resolved by increasing the input frequency and noting
the change 1n the impedance of the cell, For example, if the cell is
capacitive and the AC resistance is in gseries, the impedance will
approach that of the reslstance as the frequency approaches large
values. If, however, the resistance parallels the capacitance, the
impedance will approach zero., (The experimental results show that
the cell is capacitive and the equivalent circuit is a series circuit.)
Next, the circuit for obtaining the DC resistance, capacity, and
characterigtic curves of the cells is shown in Fig. 3-A. Ip is varied
from O to 100 ua in steps to obtain the overvoltage of the cell and
thus the characteristic curve, At the same time, the steady-state
valueg of overvoltage are used to obtain the DC resistance. 1In
addition, the rise time between changes in Ip can be used to calculate
the time constant of the cell, When the time constant, source resistance,
and cell resistance are determined, the capacitance can be caluclated

by

_ _ BB )
T" = RC, where R Ry 7 KL (3-1)

A sample calculation is given in Appendix B and compared with the

value obtained from AC measurements described in the previous
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paragraph. Since cell reéistance is a function of the polarizing current,
Ip, the calculations for capacitance were made where this change in
resistance was most nearly constant,

There are certain limitations associated with the measurement
techniques described above, First, the AC and DC measurements must
be accomplished with solutions having low concentration of impurities
(Ref 7:591). Second, inaccuracy may result from the AC measurements
because the electrode surface ig irregular and gives a variation of
capacitance with frequency. There are two reasons for this: first,
the medium between the electrodes and the electrodes themselves, do
not behave as a simple resistance and capacitance as assumed, and
second, the current distribution over the electrode is not uniform
(Ref 8:143). However, the methods cited are the most accurate availa-
ble, (Ref 7:589-91) and will suffice so ldng as these limitations are
remembered., Finally, the resistance of the electrolytes increase
with temperature (Ref 4:65) and with time because of a slight variable
drying of the gauze. Therefore, some variations will occur in the

characteristics of the cells from day to dsy.

Measurement Of Cell Response To UDMH

The measurement of the cell response to UDMH was attempted by
two methods: statie and dynamic. The objective of these measurements
was to see if UDMH could be detected in the 0.5 to 5 PPM range and

if an optimum electrolyte could be obtained. The optimum is defined

15
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as the best electrolyte with respect to stability, response, and
return to reference, |

The first analytic determinations were made by the static method
i.e., by exposing the cell to UDMH contained in a flagk above & solu-
tion of UDMH and 2% NaCOH in water, The purpose of the NaOH is to maine
tain a linear vapor pressure since UDMH is hygroscopic (Ref 33:90).
The static method was continued until the exact concentration of UDMH:
in air above the NaOH solution was known. 7The apparatus and method
of determining this relationship is given in Appendix A. At this time
the static method was discarded and a dynamic or flow system was built,
The reasons for this change were: (1) static methods are limited in
the PPM range, (2) losses of the test gas in excess of 50% by absorp-
tion on the surfaces of the test equipment caﬂ be expected (Ref 12:1100),
and (3) the rumber of analytic determinations is limited because only
a certain amount of gas (on & volume basis) can be withdrawn unless
8 very large volume flask is used., In a flow system, the losses are
not as serious since a steady state is attained a short time after
the system is turned on, and no further losses occur (Ref 12:1100).
In addition, the total system is smeller than the static, The flow
system is pictured in Fig. 4 and diagramed in Fig. 5. Referring to
Fig. 5 the operation is as follows: first, the split flow valve
allows air to flow through the bleeder and into the UDMH solutlon at

the bottom of the 250 ml, flask (bubbler) with a rate (1.22 1/m)

16




G e/

Fie 4




GE/EE/(63-19

Em.nwxh, Mo 30 uC..cz.mIoW

G 94
JdW nd .
A1V _ MSY 7! TWOSZ
= | Hov %21 %
Q NI Hwan) e
FATVA f
¥7d33778 |
- Lx//A
Ll—.ﬂj ‘ 7730 |
MOTH ¥/ V¥ FA
_—
4 _ LNIWNYLSN/
aTvn / > ONIINSYI W
MOT4 LITIS \ ol
]

18



GE/EE/63~19

squal to that used in determining the concentration as described in
Appendix A; second, the air-~UDMH mixture flows past the cell vhich
responds in proportion to the amount of UDMH present; third, the
response is measured by a continmuous recorder connected to the cell
lead-in wires; fourth, once a steady state is reached, the split flow
valve is rotated so that the air flow ltypasses the flask; and fifth,
the tubing to the suction side of the vacuum pump is removed allowing
uncontaminated air to flow by the cell, This process is repeated for
all concentrations of UDMH to be detected. Another important measure-
ment made by this method is the response to a blank solution., The
blank consists of only the 2% NaOH in distilled water soclution. Any

response to the blank must be subtracted from the total response to

the UDMH.

19
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IV, Experimental Resulig

Genersl

In many cases the data for the different electrolytes (dip soluw
tions) were quite similar., This is true with respect to the characteris-
tic curves and resistance curves, For the sake of brevity, where marked
similarity in the shape of curves occurred for more than one dip, only
one graph is shown instead of two or three, For example, only one
graph of the variation of cell resistence with polarizing current is
shown. Thus, the reader may essume that the resistance of the two
cells in the three different electrolytes varied in the same general
menner,

Although some of the problems encountered in the experimental
work are given in the discussion of the three electrolytes, the
problem that gave the most difficulty applies to all three, This was
the handling of UDMH. The UDMH was obtained from a 1% stock solution
which was in turn diluted with the 2% NaOH, on a volume to volume
bagis, for the required PPM concentration in air, This dilution had
to be accomplished with great accuracy, especially at the lower ranges
of UDMH concentration, or repeatability was not achieved. From Fig. A-2
1t can be seen that a mixture of 0,01% UDMH in the 2% NaOH solution
is required to give 0.5 FPFM of UDMH in air, In addition, as UDMH

aged its electrochemical reaction with the cells varied, As a result,
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the 1% stock solution was used for only five days even though it was
kept under refrizeration, All data taken with UDMH older than this
was discarded.

The construction of the two cells is described in Appendix C,
The smaller cell (Y) was built to verify the theoretical conclusion
that response would be improved by decreasing capacitance, The
remainder of this chapter presents the experimental results as obtained

from the three electrolytes (KI, KCI, KBr).

KI Electrolyte
To determine the polarization curves, the circuit of Fig. 3-A

was used, A typical curve of I versug E, the reversibility, and

P
hysteresis effect is shown in Fig. 6 for cell "Y", Fig, 7 is the
characterlstic curve for cell "X", Data were also taken over inereased
periods of time to see what effects, if any, time of dipping had on

the cell, The results of this study, shown in Fig. 8, indicated an
ineresse in cell resistance with time after dlp. Since the varlation
of the characteristics was fairly constant up to four hours (especially
at the lower ranges of Ip), all further experimentation was carried

out within four hours after the cell was dipped, unless otherwise
noted, to minimize error, The DC reslstance is calculated by dividing
the steady-state voltage (E) across the cell by the steady-state
polarizing current (Ip). The variation of Rpg with I, is shown in

Fig, 9 for cell "Y%,
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Next, AC measurements (Fig. 3-B) were made to determine the
capacitance of the cell and AC resistance. First, I, was varied
over its entire rangs (0 to 100 microamps) while a steady sinusoidal
input was applied, Position of switches (Fig. 3-B):. S3 open, S1 and
82 in position 2, No notlceable distortion was observed on the
osclilloscope; however, the capacitance decreased as the polarization
current increased, Second, the response to AC alone was measured by
closing S3 and measuring the voltage across R2, then the cell, after
Ip was set to zero. A typleal calculation for Rac and C of the cell

is given in Appendix B with results given in Table I,

TABLE I
AC Resistance and Capacitance of Cells in KI Electrolyte

T =220 . 26°C, R=50o0hms Frequency = 60 cycles

V cell Vg Rac c
volts volts ohms microfarads
0,480 1.76 9.1 262
0.325 1.35 7.2 230
Cell ®X"
0.262 0,95 7.9 235
0.290 1.09 7.1 234
0,636 0,89 19,0 88
0.495 0.72 25.2 113
Cell wy"
0.332 0.44 25.8 96
0.280 0.35 28,2 95
0.180 0.22 29,7 95
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After computing these electrical parameters, cell response to
UDMH was evaluated. The response was much slowar than that given by
the electrical equivalent circuit because of the elsc¢trochemical
reaction between UDMH and the KI. However, the cell did detect UDMH
at its TLV, Table II relates the time constants of this reaction for
various values of Ip vith cell "X" and cell YY", Note the improve-
ment in time of response (or T.C.) of cell "Y' over cell "X!", The
total response is plotted against the concentration of UIMH on a
Logyg Scale in PFM in Fig. 10. Although the maximum response is
obtained at an Ip=5ua, recovery is very slow. At higher values of
Ip recovery is appreciably faster as shown in Table III, KI response
to the blank was negligable at all levels of polarization used. In

addition, return to reference was achieved within *1 mv.

TABLE II

Response Time Constants for XI Electrolyte

Cell uxH Cell Y%
T.C.2 at UDMH in PPM T.C. at UDMH in PPM
0.5 0.9 0.5 0.9
I
P (ua)
5 55 6,8 2.8 2.0
20 1.9 2.0 1.5 1.6
40 200 2.1 om—— 105

a - T.C.'s (Time Constants) in minutes averaged for all runs
b ~ —== indicates no measureable response
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TABLE IIT

Recovery Time Constants for KI Eilsctrolyte

Cell txn Cell ®y®
T.C.2 at UDMH in PPM T.C. at UDMH in PPM
0.5 0.9 0.5 0.9
Iy (ua)
5 kA 6.0 L6 7.1
20 1.5 2.4 2.4 3.6
AO 103 105 —— 103

a - T.C.'s (Time Constants) in minutes averaged for all runs
b - — indicates no measureable response
The maximum polarization current used in the UDMH tests was 40

microamps to avoid excess depositing of lodine on the outer (+)
electrode. Relative values of overvoltage for the deposition of
iodine and the other anions is:

I/1° 0.536 volts

Br2/Br' 1.065 volts

C15/Cl™  1.358 volts
These values are based on the hydrogen scale where the potential of
hydrogen is considered zero at all temperatures and applied exclusively
to solutions at unit activity (Ref 1:413). Even though these values

were not observed (as could be expected), they do indicate the order

of conversion.
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KCl Electrolyte

The characteristic curves for KCl were obtained by the same
methods deseribed for KI, However, the voltages recorded varied up
to 95 mv for any given value of polarization current under identical
test conditions on different days. Table IV shows the deviation
encountered at three polarization currents for cell "Y", Since the
polarization of the cell was so unpredictable, a complete evaluation
of its electrical characteristics was abandoned. However, the
response to UDMH was observed and the TLV was detected. Table V
shows the response of cell "Y" to UDMH and the blank., Two interesting
results can be observed: (1) unlike the other electrolytes, the final
response value increased with Ip and (2) the blank was detected about
as well as ‘the UDMH. Similar results were obtained with cell X",
Thus, this dip solution is completely unsatisfactory for the require-

ments of stability and adequate response to the TLV of UDMH.

TABLE IV
Overvoltage deviation with KCl Electrolyte®

IP (ua) Average E (mv) Deviation (mv)
5 9% -39 to 56
20 310 =40 to 45
40 469 ~17 to 31

& = results of three experimental tests
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TABLE V

Response to 0.5 PPM UDMH and Blank in KCl Electrolyte

Ip (ua) UDMH E (mv) Blank E (mv)
5 0 5
10 10 13
20 23 15
40 26 25
KBr Electrolvte

The polarization curve for XBr one hour after dipping is illustrated
in Fig., 11 -® ., In comparing this curve with that obtained with XI,

note that for any given value of I, the overvoltage is greater; there-

p’
fore, the resistance 1is greater.' The effects of time of dip are also
shown in Fig, 11 and are quite similar to those obtained with KI. For
this reason all test runs were accomplished in the time period between
one and four hours after dipping the cell into the electrolyte. The
capacitance and AC resistance of the cells were calculated by the same
methods used for XI with the results given in Table VI. Note that
capacitance is lower with the KBr than KI, However, an additional

test was mede to see if the cell capacitance would vary with frequency
as theory predicted. The results of this experiment (using the circuit
shown in Fig. 3~-B) are found in Table VII for two frequencles and

show a decrease in capacitance with an increase in frequency. The

3l
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TABLE VI

AC Resistance and Capacitance of Cells in KBr Electrolyte

T = 220.25° C, R = 95 ohms Frequency = 60 cycles
V cel1 Vg Rpc c
volts volts ohms microfarads
0.237 0.975 12,8 139
Cell wXt 0.308 1,23 14.0 137
0.445 1.8 12,5 138
0.758 0.417 137 25
Cell "Y® 0,95 0.510 156 32
1.39 0,810 130 _7
TABLE VII

Comparison of Capacitance at Two Frequencies in KBr Electrolyte

Cell uwxn = 220.25° ¢, = 95 ohnms

Vae F = 60 cycles F = 80 cycles
volts C (uF) C (uF)
1.13 139 111
1,414 137 128
2,12 138 123
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capacitance of the cell was also determined using an impedance bridge
and cell "X", The capacitance decreased to a value of 51 uf at 1,000
cps. An example of the response of the cell to a step current input
is given in Appendix B using the cell model. The curve shown in
Fig. B=l, Appendix B, compares favorably with the experimentsl curve
obtained from the continuous recorder,

Next, the response to UDMH was evaluated. The experimental
results for maximum response can be seen in Flg. 12, for response
time constants in Table VIII, and for recovery time constants in
Table IX, Response to the blank was negligible., The maximum response
was considerably greater and faster for the KBr than the KI, This
verifies the theoretical conclusion that a smaller cell capacitance
improves response. However, the improvement in response time with
the smaller cell (Y) was not as great as for KI. While these analytie
determinations were observed, wide variatlons in the maximum response
occurred under similar experimentalconditions, Alse, return to a
higher reference level occurred, The maximum deviation. was+5 mv,
This variation was finally attributed to leakags of UDMH through the
bleeder valve (Fig. 5) which controlled the rate of flow of the air-
UDMH mixture and to loss of the mixture when fresh air entered the
gystem for cell reccvery analysis. Rather than design and build a
better flow system, it was decided to use the UDMH-NaOH solutions
for half the previous runs made at each concentration, Some improve-
ment was realized from this change, but varistions were still consider-

ably more than those observed with XI. However, the KI results were
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TABLE VIII

Respense Time Congtants for XBr Electrolyte

Cell "X Cell My

T,G.& At UDMH in PPM T.C. At UDMH in PPM

0.5 0.9 0.5 0.9
I (ua
5 (o)

5 1.0 1.2 0.9 1.1

20 0.8 1.3 0.7 1.2

4O — 1.6 1.8 1.9

a - T.C.'s (time constents) in minutes averagsd for all runs
b -« — indicates no measureable response

TABLE IX

Recovery Time Constants for KBr Electrolyte

Cell "XM Cell "y
T.C.2 At UDMH in PPM T.C. At UDMH in PPM
0.5 0.9 0.5 - 0.9
I (ua)
5 2.9 4.3 3.5 5.2
20 1.0 0.7 1.1 1.2
40 e 0.4 0.5 0.7

a - T.C.'s (time sonstants) in minutes averaged for all runs
b = =— indicates no measureable response
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rechecked at all concentrations previously used. Several minor changes
to the previous values obtained were made and are incorporated in the
expaerimental results already discussed for KI,

The fast response and slow recovery with inaccurate return to
reference suggested a correction for this problem. An RC differentiator
was added to the output of the cell shown in Fig. 3-A. The time
constant of the differentiator is designed to be glow with respect to
the response but faster than the recovery. Thus, the output is still
at an acceptable amplitude for measurement and recovery is rapid.

This also resulis in a zero reference., However, due to time limita-
tions, a complete analysis of this system was not accomplished; but
the results indicated that the differentrated pulse was of sufficlent
time duration to be read on a meter and was rapidly returned to zero
(less than one minute at Iy=5ua and 0.5 PPM UDMH).

After the KI electrolyte was rechecked, the response with KBr was
invéstigated again to see what might be causing the rather large
variations encountered before., However, the responses measured were
considerably higher than the average of those observed previously.

The reason for this appeared to be that the cell actually contained
e mixture of KBr and KI, At this point, it was decided to conclude

the experimentsl evaluations.

Summary Of Results

The experimental results demonstrated that:

(1) cell capacitance was nearly constant for the different

electrolytic systems
(2) cell capacitance decreased with increasing frequency or

polarization current
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(3)
(4)

(5)
(4)
(7)
(8)

(9)

response and recovery improved wlith a decrease in capacitance
DC resistance decreased with an increase in polarization
current

AC resistance is negligible in comparison to the DC resistance
cell ™" had greater capacity and less reslstance than cell
nyn

maximum sensitivity to UDMH was obtained with cell "Y"

the KI dip solution was the most accurate of the three
electrolytes with respect to response to UDMH and return to
reference

adequate baseline stability was obtained for a three hour
period with KI.

.

These results suggested a new model for the cell when exposed to UDMH.

The next chapter discusses this model.
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V. UDMH Egquivalent Circuit

The negative resistance characteristic with corresponding differences
in output voltage for the different cells and electrolytes suggested
a piecewise-linear approximation for the cell when exposed to UDMH.
A typical voltage response-recovery curve is shown in Fig. 13. The
equivalent circuit i1s shown in Fig, 14, With the exception of the
large parallel capacitance and the battery Ep, this circuit is identical
to the plecewise-llinear model of a triode amplifier, Thus, the cell
response to UDMH is analogous to the response of a triode amplifier
with a change in input voltage. This model is the same as that given
in Chapter II for the elecirical equivalent circult except that the
voltage generator, CU', and the battery, Ej, have been added to account
for the cell's electrochemical reaction to UDMH., The primary reason
for adding E) is that it allows use of Cy directly as the PFM concen-
tration of UDMH in airj however, it does have physical meaning since
any electrolytic cell exhibits a slight potential difference between
electrodes when no external polarization current is applied.

From Fig, 14 we have:

Ey+uC = (Rc'*' E%)’il - (c—/a)/'-z
Es = -<%£5)’L’ + (??51“ ?¥EJsz

G-

39



CL/EE/67-19

13 1 + H 1 ol 1 T
IT t Th T im) ;) T
181 1T T T T T I T
13 T T TH ) 17 I
au 1] , , , n
iss ! i : : t
' n T
IESE ANA TN EEE, T | B R AN § iR H t ¥
. T
I F -~ 2 3
: t
t 1Ty
T
1
1
"
: T t
TR T 1
: 1T ? 1
- 1
: 1 r +
K + T 1
iy :
+ '
T
: iis
t s 1 T
T I Y T
! ¥ - 8BS i
T . T T
1 )
4. M B
T - - T
i T
T i + T :
I - T I + ; It : :
* T : I + t ; -
] T T 3 s
: T : 1 1
t T : " ;
- 1 ey AR,
b 11 L) [
1 T +
I 4 JE 2
t i i
T T i T P
T T y Y et
I - I H I -
n I I H "
; t + -
: n T T L
i I p
- T : I
” : : i
T p ™ 1
] i
y u :
n T 1
r ENgT
n ...IJ -4 | I
L ¥
» T T T bl
T T T T b
T T T ] H -
T T T a
1
T :
T T — FEEBAE I
L i 4 L 3
i i INERE N T
: 1 1 T
” 13 T 1 T
T i Y "
- - —+ : -
n t : » B Ra s e T i t
: 1 .
t T g T T T
: " 18 BB " 1 T u T
t ! - .
1 : 1 b Len W
T I ' 1 T 1 Y
=i 1 T 1T 1 :
I . I H 1 11
i o T i H ™ .
i T TT T T T =
1 ; I r I ; : ot
I T ; 1 7 i t T t Il e
" T T : : T I [ ER8 sen e _ — :
H } - ¥ t 11
: m_— > v * T
, H = T T
H I T 2 ol : I HIN
I } a —
! I s 1 - =1
Il 4 + ;
I T T " 1 ™1 T
. b A pennd o et 3
n L k i : ! L PR} Soues Syt bpiy
: ! Do T LTS SR0S0S TP RNGIN Sindy ue
n T ! . 1 1 * A
- + T + : + T >
= : 1 T HrH 1 by Bs [ mrsiel seererd
1 1 - — ? Y

40



GE/EE/63-19

r‘ ——————— ]

|

P b

R | ¢

s | |

= €, I"L'C C—I
EES l—r' '“U_'_l T
‘[ E, = c
| A v

|
| |

| _ _CELL_ _ _,

C, = ConcenTration oF UDMH v PPM

u = AMPLiIFicATION FacTor

R. =CeELL RESISTANCE

C =CeLL CapaciTancE

E, R, = Source VoLTAce Anop
Resistance JYiecoine I,

E,= ConsTANT For ANY oNE I,

Fie |4

Cerr EquivaLenTt Cireuit For UDMH




GE/EE/63-19

from which
!
Ey + €y ~ 7B I
+
A = Es ’ Rs 7?3 65;_2)
l c'f", <7 - CD,
—To Rs + 25
E$+ EA 4-,4((0
_ EpRe+ LR, + CD
- Ra.'f" R!
RR.+ =c57F
E&%EéﬁCE) Ekjtfi +/¢CU
42-, = D( < + R<RsC (5-_3)
D -+ R<+E_g
R.R,C

The leplace transform of (5-3) is

[ Eats) - Cuts) Ess) +Ex) +Co®
R. * R R.C
I = (5-4)
S+ a
where
| Ri-+-ﬁ?
a - e s
R.RsC
hencs
Etn= IR —mluld —Ep 5-s)

Substituting (5-4) into (5-5), we have

' Es )+ Eaesd) 4 Cos)
_ SQEAG) +,uCu(5)) . K:C

—ulus)-E,6) (5'-6)
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The inverse transform of (5-6) is

wal &y -a X

e.ct>=~a[E,(;e) —,ufuae)]e + [E“*’ *,gs“f) *“C"w]e —C) —E P
(5-7)

which is the output voltage as a function of time, The cell reaches

a steady state before UDMH (0y) is applied; therefore, (5-7) can be

modified to

. -a X
e® = Eu— a[E +ulu)]e

4 [5&) ;’chuw} &) —Eu)

Ees — [»cCud-)+E,(t)] [/+(é_-é2)e—ati

= b, ~ulCar BB [ +(e-gz)e" ] (s-8)

Egg 1s equal to the final value obtained when CU = O,

The waveshapes obtained from the experimental data indicate that
it takes a finlte length of time before the UDMH reaches a steady-state
value in the flow system, Thig length of timeis directly proportional
to the concentration of UDMH present. This suggests the following

type input:

SLOPE = K .
E‘ 1
€.+ E4) ; W
4 4 >
Z X
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where 2 = time it takes for (Cu -+ —E;T‘) (£) to reach a steady-state

value, This function can be represented by

Fo = Kt Lut) —alt-8 ] + Walz-2) (5-9)

WHeee F=Cuv+ Ea W =Finae Vawve ofF Fét‘),./( =-\%/—

A )
|/, >0 _ /, +2=2
) /
Thus, equation (5-8) becomes

e = E,j~ w [ Ktult)—Ktalt—2) +Wu(t—i>][/+(”~—z,fz)e" ]
(5-10)

/ -at
In general, the term (« — 'P;Z) e will be much less than one (even
~al
when € °7 is maximum) and may be omitted; thus the output is simpli-

fied to

E,t) = Esy — e [K,tuét) —Ktu(t-z) + Wu.ét—z)] (S-II)

which 1s a straight line approximation of the output waveshape,

Fig., B-2 compares the actual output with that obtained.from equation
(5-11) for cell "X" in KI electrolyte with a polarization current of
five microamps., This linear approximation cen also be extended to
the cell recovery., However, this will be more accurate with cell "X®
than cell "Y" gince the recovery of cell "X" is much more linear., The
transient recovery of cell "Y" can be observed in Fig, 13, (This is

due to a rapid change in Ry at low voltage.)
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If only the final value of the cell output voltage is desired,

the following equation obtained from the equivalent circuit may be

used:

Es —
eo = B — R (Frtpcecte) (s-12)

This equation was used to obtain the values of AE shown in Table X,

Also, this table compares the experimental velues with the calculated
values. The average calculated error is 11.5% or 7 mv of the average
experimental value. This 1s a favorable comparison when the variability
in the experimental data is exsmined., Appendix B (UDMH approximations)

contains sample computations using equations (5-11) and (5-12). The

next chapter presents conclusions along with recommendations for further

study.
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TABLE X
Comparison of Calculated sE with Experimental aE

Cells in KI Electrolyte Exposed to Four Concentrations of UDMH (Cy)

Cy
0.5 0.9 2.2 A

I (va) © Ex ¢ EX c Ex ¢ Ex
Cell ®X®

5 80 80 89 97-104 120 130-144 160  160-168
20 45 39=43 54 58-68 82  96-112 130 128-126
40 8 2-5 19 26-33 52 76-83 113 110-114
Call "y

5 124  122-127 134 142-148 147 166-170 173 171-175
20 32 32-34 39 43-47 60 64~80 94. 102-107
40 1 0 10 8.12 33 33-36 - 73 73-79

- C 1s computed AE in mv
- BEx is experimental aE in mv
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VI. Conclusions - Recommendationg

The basic objective of the problem, i.e., to detect UDMH in the
0.5 to 5.0 PPM range and optimize cell response through analysis of
its equivalent electrical parameters, was accomplished. However,
accurate repeatability was obtained only with the KI electrolyte.
Moreover, this repeatability was achieved only within a time pericd
of from one to four hours witer dipping. Although maximum sensitivity
was achieved at the low polarization current of five microamps,
response and recovery was quite slow. However, a polarization
current of twenty microamps with either cell gives adequate sensitivity,
in addition to greatly improved response and recovery times. Therefore,
continuous, accurate detection of UDMH 1s possible for a three hour
period with either cell using the KI electrolyte at a polarization
current of twenty mlcroamps, Also, the output voltage response to
UDMH can be prediected b& the equations derived from the UDMH squivalent
circuit, Finally, this system willl give the concentration of iess than
one PPM of UDMH in air in a matter of minutes as opposed to present
laboratory techniques which take approximately eight hours.
The following recommendations for further study are made:
(1) wuse.of the cells with one electrolyte only to eliminate the
possibility of a mixture of electrolytes in the cell
(2) further investigation of cell "Y" with the KBr electrolyte
and RC differentlator for a small instantaneous detector
(3) investigation of the chemical properties of various KBr
electrolytes to eliminate variations in response
(4) investigation of a combination ofKBr and XI as an electrolyte

for the possibility of greater, more accurate response for
longer continuous detaction.
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Appendix A

Determination Of UDMH Concentration In Air

A colorimetric method (Ref 9) is used to determine the concentra-
tion of UDMI in PTM in air obtained from bubbling eir through a solu-
tion of UDMH and NaOH, Referring to Fig. A~l, air flows through the
bubtler containing the UDMH solution which in turn flows through the
sulfuric acid (HQSOA). The flow rate of air through the system is
controlled by the calibrated orifice meter, and the total volums of
air is indicated on the wet test meter. All of the UDMH in the mixture
flowing through the HpS0, is absorbed by it. Trisodium pentacyanocamino
ferrate (TPF) is added to the acid coloring it in proportion to the
UDMH present. By observing the colored acid with a spectrophotometer,
the amouﬁt of UDMH absorbed can be calculated. Next, by relating the
UDMH absorbed to the volume of air passed through the system (recorded
by the wet test meter), the exact concentration of the UDMH in air
flowing out of the flask is known. The relationghip of the concentra-
tion of UDMI in PPM in air versus the concentration of UDMH in 2%

NaOH golution on a volume to volume basis is plotted in Fig, A-2,
The conceantrations used for test purposes lay in a region where the
relationship was linear; nowever, at higher concentrations of UDMH
in solu%ion the value in PPM in air is not linear (the slope of the
curve decreases). Finally, it is interesting to note that it teckes
up to eight hours to complete this determination of UDMH at one PPM

concentrations or less.
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Appendix B
Semple Calculations
Cell Capacitance

Two methods were selected for exparimental determination of cell
capacitance. The firast method comsists of applying an AC sinusoidal
voltage across a ¥nown resistance and the cell, while the second
consists of putting a DC step through the cell, measuring the time

constant and from these calculating the capacitance,

AC Method
Ve,
- Uctu
Vie
a., Circuit be Phasor Diagram

From experimental data and phasor diagram (Cell "X"):

Veew = 0.325 /-58° -\7; = [2 [0° F=60cyces

-
I=-‘7/€'- = % =24x /077 n (B-1)
V [X . . -8 )
Zogs Lpt = SBELE L sstse o0 (B-2)

Assuming series R and C:
=R —25 =715 - J/.§ (B-3)

ZCEu. - wC

equate real and imaginary terms and solve for C.

R =715 C=230uf If, huwever, a parallel circuit is

assumed, we would have: VYeaw. = G + JwC B®-49
R: 265n C = 16SuF
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DG lMethod
Using a step Ip (from 40 ua to 50 ua) and either model of Fig, 2
(with Ry omitted) to find one time constant (TC) we have:

. Fshkc _
TC -——&1_/?1 = RC (3_5)

From experimental data:

AT Ip= 40*‘”} E, = 0'3“5‘//' A7 Lp= .5'0,«4/ E = p.380v

fs; /58 X /o Y
R.= 825X /e *2 (averaged over step applied)

E,, = 0.643(&,-6) (8-¢)
= p.¢3(0.02) = 0.0/2v

E+&r=0.373v (Rt 7=195 From Fis. 8~1) (8-7)
Feom (8-8) R= 0.83x/0% . 7¢cz=p83x10% = 1.9
L C=2229 «F

Therefore, the assumption of a series AC equivalent circuit 1s valid.

From Field Theory
Caleulation of capacitance from field theory (Cell "X") is

accomplished with the following assumptions:

(1) assume the dielectric constant of the medium between the
electrodes is that of the elsctrolyte

(2) assume the cell ig a cylindrical capacitor

(3) assume that the potential of the elecirodes are constant
over their entire surface,

The capacitance of the cell can be expressed by:

27T ¢& L
A (6-8)
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where: é ﬂ‘-’?O for any dip (Ref 7:703)
= 0,80 cm, (inner radius)
0.96 em. (outside radius)
£ 0,102 m, (Length)

thus _ (n) (70) (3477) (0.102) -
¢= b (55 &-9

= 22 00 e e F

This value differs by a factor of apnroximately 10° from the

actual values of C determined experimentally.

tie e
A curve shwing the comparison between that computed from the
cell model and that obtained experimentally is shown in Fig. B-1.

From equation (2-8) we have
E, R -%
fmeedl 4 — 4’ * —
e, _E:::;; (:1 e ‘) é? Aa

Since the experimentel data were taken in a reglion where R is

reasonatly constant (for more accurate results), equation (B-10)

e.o= (s —)(1 -e%) (e
ae,t) = AE(/—E'Z) (8-11)

is modified thusly
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Since
E = p3¢ov, Ep= By

;
(8 (875 x 10%)
.25 xre?

) Ks = /58Ka  Ry=8.25ka

AE = 0.340

6.328 =~ 0.36¢o

It

0.0l v

From equation (B~11) the following values were cbiained:

at t (sec) A (v) Co ) W
0.6 0.00%7 0. 32447
/2 ¢.vo08/ 0.3¢4¢8/
2.8 0.0138 o0.37238

These values are plotted in Fig. B-1 and compare favorably with the

experimental results,

UDMH Approximations
~ From equation (5-12) we have
Es+ o+ E
€= E - FT ALY A E-~/2
@ s Rs ( s + Re ( )
F'rom experimentaldatat
Ip = J_.uA) Ke= 32Ka ) e =2/ 'gﬁ%\"
E = 8v , Rs= /6EMr, Ecew = léomy

.= 80 mv Fecr Cus 0.5 PPm

Substituting in (B-12) to find E, we have

8ooo + (21) (0.5) 4 E;)

o = o000 ~ L& xnf
8 8 ( 14X > 22 xs0?

BO = Bocooe - 7880 ~ 098 &y

Bo = S0 - 0.98&,
. 2o .
EA - 0.98 = 7/ My
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Now let Gy = 4.4 PPM and substitute in (B-12)

. [ 8000 + 2)(44) +7)
e, = 8ooo — /.4x/o“< . €X10¢ 4 32 x /0%
8000 ~ 8000
o

¥ i

SJAE T Jeo-0 = Jbomy
Therefore,

To obtain the time response, equation (5-11) must be used.
.0 = Eyy - u [Ktalt)= Ktult-2) + Wult-2)] B-13)

For C; = 0.5 and the same experimental data as above with Z = 600 sec_ondé
Ea

_w _ Cu+ & | 0543238
k=45 = == = =75 (B-14)
4 _ 3.88

- K" oo

Substitute this value in (B-13), to obtain

) = /o- 21 [ B3R Hute) - S 2 i (t-600) +3.88 u (¥-sar]]
(B-15)

For t< 600 sec {B=15) reduces to

aw = Jio- 2 (5)x

Foe &£ = o &)= /omv
bo* = /52 my

=/20° = /44 my
For t2600 sec (B-15) reduces to

CW = Jébo — 2/(3.88)
= Jéo —~ 8/. %8

= 785 me

which is the final value eqo(t) assumes when exposed to 0.5 FPM UDMH.
This value is 1.5 mv less than that obtained experimentally. Fig B-2

shows a comparison between the computed approximation and the experi-

mental curve,
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Appendix C
Construction Of Cells And Composition Of Electrolytic Solutions

Construction of Cell "XY
Cell "X" is constructed in the following manmner (Ref 11:3):

(1) Polyethylene tubing of 5/16 inch (in.) diameter is cut to
a 13 centimeter (cm) length, and one end is sealed.

(2) Surgical gauze (11 in. by 3 in.) is wrapped around the
polyethylene tubing and is secured with thread,

(3) Platinum gauze (3 em by 4 em, 99.9% pure) is centered on
the surgical gauze and wrapped around it with a 6 in,
platinum lead-in wire for electrical connections.

(4) An 8 in. wrapping of 3 in. surgical gauze is wrapped around
the imer platinum electrode and fastened with thread.

(5) Another layer of platinum gauze (7 em by 4 om) is wrapped
around the last layer of surgical gauze and is fastened with
platinum wire with a 6 in, lead-in wire attached.

Congtruction Of Cell "y"

Cell "Y" is constructed in the same manner as cell "X" except:

(1) The inner electrode (platimum gauze) has dimensions 1.5 cm
by 3.5 cm.

(2) The surgical gauze has width 1-1/2 in.

(3) The outer electrode has dimensions 4 cm by 3 om.

Fisure Cl is a picture of the two cells.

Compogition Of Electrolytic Solutions

(1) KBr - 400 me H 0, Joom DEGME (CarsiTod)
l6. MaHCo, & 26 kK Er
(2) KI - 250me H,0, 250 me DEsmE

¢3¢ Nakco, , /5e KI

(3) xcl - Joome H20 ) /oo me DECME

/6. NakHcoy, ).5¢ K¢/
All three solutions are neutral (ph=7). Carbitol is used to retard

drying of the cells while the NaH003 is a buffer (it is used to main-

tain the ph of the solution constant),
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Appendix D

Optimization Of Cell Parameters

By use of the equivalent model shown in Fig, 2, Chapter II, the
cell parameters can be optimized, Assume that the input is a unit step,

thus equation (2-8) is modified to be

Y ¢ _ ';4-)
Cot) = 2 R (' ¢ (0-1)
Now take the derivative of eg(t) with respect to ¢
d@.&) - R?. = »
2t -~ FR+RY € o (0-2)
Now let des® _ o thus

C‘é' =0 when eo(t) is a meximam

This will oceour when t =ee or whenY’ = 0. Since

- RsR.C
T = e+ R

cannot be made zero in the physical system, it should be attempted to
be made a minimun, This is most easily achleved by msking C small
since Rs is fixed by the source, Therefore, response time can be
improved (decreaged) by minimizing C. It it also interesting to note

that if R, can be made larger (Rg>>Rp), the steady-state final voltage

wili be increased,
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